Background: Cancer-related venous thromboembolism (VTE) heralds a poor prognosis, especially in pancreatic adenocarcinoma (PAC). Tissue factor (TF) is implicated as one of the main culprits in PAC-associated VTE and disease progression.
Pancreatic adenocarcinoma (PAC) is the most lethal among adenocarcinomas with a mortality rate that equals the incidence (Torre et al, 2015) . Less than 20% of patients are candidates for curative surgery and more than 75% of patients die within 1 year (Bilimoria et al, 2007) . After 'curative' resection, PAC invariably recurs and rapidly disseminates (Michl and Gress, 2013) . Up to 5 years ago, median survival time was 7 months for patients with locally advanced PAC and 4.5 months for patients with metastatic disease (Bilimoria et al, 2007) . Since then, treatment of advanced stage PAC patients with FOLFIRINOX (i.e., 5-FU/LV, irinotecan and oxaliplatin) has resulted in a median survival of 11 months for only those fit enough to undergo this toxic regimen (Conroy et al, 2011) .
Cancer patients have an increased risk of venous thromboembolism (VTE) and the risk is especially high in PAC (58-fold increased) (Blom et al, 2006) . Thus, in addition to a short lifespan, quality of life is often hampered by thromboembolic complications such as deep vein thrombosis (DVT), pulmonary embolism (PE) and occasionally marantic endocarditis or phlegmasia cerulea dolens, that is, massive venous thrombosis resulting in ischaemia (Howard, 1960; Smeglin et al, 2008) .
Tissue Factor (TF) is expressed in exocrine pancreatic cells upon malignant transformation and may be one of the key proteins involved in cancer-related thrombosis and rapid metastatic spread in PAC (Kakkar et al, 1995) . Complex formation with coagulation factor VII (FVII) not only initiates the coagulation cascade, but also activates intracellular protease-activated receptor 2 signalling after b 1 -integrin ligation, thus contributing to angiogenesis, tumour cell proliferation and migration (Ruf et al, 2010) . In a cohort of 113 PAC patients with a median follow-up of 16 months, overall survival was significantly shorter in case of high tumour-TF expression (Nitori et al, 2005) . A study of 122 PAC patients with a similar follow-up period did not confirm these findings, but showed a higher prevalence of VTE in patients with high tumour-TF expression (26.3%) compared with patients with low tumour-TF expression (4.5%) in a subgroup analysis of 41 patients (Khorana et al, 2007) .
As procoagulant TF on tumour cells does not explain why thrombosis is typically found at sites distant from the primary tumour and its metastases, it is hypothesised that circulating TF attached to submicron cellular membrane vesicles -so-called microparticles (MPs) -may be one of the factors contributing to the coagulopathy (Falati et al, 2003; Tesselaar et al, 2007; Zwicker et al, 2009; Bharthuar et al, 2013) . Whether procoagulant TF þ MPs cause clinically manifest thrombosis or represent an epiphenomenon reflecting aggressive tumour biology remains under debate (Soff, 2014) . In addition, TF þ MPs are assumed to originate from tumour cells, but may very well be released by macrophages or endothelial cells upon activation (Ahamed et al, 2007; Østerud, 2010) .
In order to gain more insight into the role of TF in PAC with respect to coagulopathy and survival, we measured numbers of TF þ MPs, plasma MP-TF activity and tumour-TF expression within a cohort of 79 patients. In addition, we assessed whether mucins in the tumour and in the circulation could have contributed to the observed thromboembolic events.
PATIENTS AND METHODS
Study design. From December 2000 to June 2009, pancreatic cancer patients who were referred to the Departments of Surgery and Clinical Oncology of the Leiden University Medical Centre were screened for eligibility for study participation. Inclusion criteria were age X18 years and any stage of PAC, including ampullary cancer. Exclusion criteria were revised histological classification other than adenocarcinoma, duodenal carcinoma or 'adenocarcinoma of unknown primary'. Patients were also excluded when blood sample processing within 1 h after venepuncture was not possible. All patients gave their informed consent.
Seventy-nine patients were included in the study. We collected blood from all patients at inclusion. Two patients were unintentionally included twice and thus a second plasma sample was obtained during follow-up. In 65 of 79 patients, PAC was confirmed by surgical biopsy (n ¼ 32), core needle biopsy (n ¼ 23) or fine needle aspiration (n ¼ 10). Fourteen patients (failed biopsy: n ¼ 2) were diagnosed on typical radiological findings and elevated CA19-9 levels. In 44 patients, tumour tissue specimens were suitable for immunohistochemical analysis. In a representative subset of 37 patients with similar sex and age distributions as the original cohort of 79 patients, tissue samples were obtained within a median interval of 0 days after study entry (IQR 0-3; range À 70 to 30 days), enabling assessment of the relation between plasma MP-TF activity, CA19-9 levels and antigen expression in the tumour.
Procedures and definitions. Demographic and clinical data were obtained by reviewing the medical records and subsequently crossreferenced with the Leiden Cancer Registry. Tumour stage (i.e., local, locally advanced and metastatic disease) was established based on findings at surgery and thoraco-abdominal computed tomography. Radiologic evidence of VTE was recorded and patients were followed until death or 1 October 2014, whichever came first. The extent of thrombosis was semi-quantitatively scored as: no thrombosis, small VT, DVT and/or PE, massive VTE. 'Small VT' was defined as any coincidental radiological diagnosis of VT visible over a very short distance in the absence of clinical symptoms (e.g., splenic vein thrombosis), whereas 'massive VTE' was defined as extensive VT involving a long trajectory of veins. 'Cancer-related thrombosis' was defined as unprovoked thrombosis in cancer patients in the absence of chemotherapeutic treatment, venous catheters or recent surgery. To assess the relation between plasma MP-TF activity, CA19-9 and the severity of VTE, the maximum interval between blood sampling and the occurrence of VTE was arbitrarily set at ±16 days.
Isolation of microparticles, measurement of plasma MP-TF activity and CA19-9. Upon inclusion into the study, venous blood samples were collected in citrated BD Vacutainer tubes (Beckton Dickinson, Franklin Lakes, NJ, USA) using minimal venostasis and discarding the first tube. Within 1 h, platelet poor plasma was prepared (20 min, 1550 g, room temperature), snap frozen in liquid nitrogen and stored in aliquots at À 80 1C until analysis. After thawing of deep-frozen platelet poor plasma samples, blood MPs were pelleted and washed twice with filtered 0.32% citrate/PBS buffer, pH 7.45 (30 min at 17 570 g with minimum brake, 20 1C) (VanWijk et al, 2002) . Isolated MPs were immediately tested for MP-associated TF (MP-TF) activity, as previously described (Tesselaar et al, 2007; Woei-A-Jin et al, 2014) . Results are reported as FVII/TF-dependent FXa formation (fM Xa min À 1 ) in plasma. Mean and median plasma MP-TF activity in 66 healthy volunteers without medical history or current illness were 70 and 69 fM Xa min À 1 , respectively (range 3-238). Plasma MP-TF activities higher than the mean plus 2 s.d. (i.e., 4155 fM Xa min À 1 ) were considered to be elevated. All samples were analysed batchwise within 1 year after blood collection. No difference in MP-TF activity was found following prolonged frozen storage (415 months; n ¼ 16). CA19-9, the sialylated lacto-N-fucopentaose II (Lewis a blood group) antigen, was measured in plasma using an immunoenzymatic assay on an IMX Automated Immunoassay Analyzer (Abbott Diagnostics, Lake Forest, IL, USA). CA19-9 levels 437 kU l À 1 were considered to be elevated (Galli et al, 2013) .
Flowcytometric analysis of microparticles. From 55 of 79 patients, frozen plasma samples were available for further analysis. Microparticles were isolated from plasma as described above, resuspended in 2.5 mM CaCl 2 /PBS buffer, pH 7.4 and incubated in the dark for 15 min at room temperature with Annexin V (AnnV) labelled with Allophycocyanin (APC) (Caltag Laboratories, Burlingame, CA, USA) and one of the following monoclonal antibodies labelled with fluorescein isothiocyanate (FITC): antiepithelial membrane antigen (EMA/MUC1)-IgG1-FITC (clone B24.1; Biomeda, Foster City, CA, USA), anti-TF-IgG1-FITC (No. 4508CJ, American Diagnostica, Stamford, CT, USA) and mouse IgG1-FITC (clone X40; BD Biosciences, San Jose, CA, USA). The MP suspension was washed with excess 2.5 mM CaCl 2 /PBS buffer, pH 7.4, thus diluting the antibody concentration 52 Â . Following centrifugation (30 min at 17 570 g with minimum brake, 20 1C), removal of the supernatant and resuspension in 2.5 mM CaCl 2 /PBS buffer, pH 7.4, samples were analysed on a FACSCalibur using the Cell Quest software (BD Biosciences). Forward and sideward scatter of light were set at logarithmic gain. Microparticles were identified on the basis of their size, density and capacity to bind Ann V (Nieuwland et al, 1997) . Fluorescent colour profiles of the selected population were subsequently recorded for 1 min. The number of MP per litre plasma was calculated as previously described (VanWijk et al, 2002) . In seven patients, measurement of AnnV þ TF þ MPs was not possible due to insufficient plasma. For our experiments, we used one single batch of FITC-labelled anti-TF-IgG1 antibody (clone 4508CJ from American Diagnostica, currently Sekisui Diagnostics). This is an inhibitory antibody directed against the first 25 amino acids of TF. Previously, the same batch of antibody was used to demonstrate the presence of CD14 þ TF þ MPs in plasma from a patient with fulminant meningococcal sepsis and disseminated intravascular coagulopathy (Nieuwland et al, 2000) , and to detect a TF expressing subset of MPs derived from activated HUVEC cells (Abid Hussein et al, 2003) . We confirmed the sensitivity and specificity of the anti-TF antibody using MPs generated from TF-expressing breast cancer cell lines MDA-231 (high TF) and MCF-7 (low TF) after stimulation with Ca 2 þ ionophore A23187. In addition, we used MPs derived from cells that do not express TF. Simultaneous staining of MPs with AnnV-APC, anti-TF-IgG1-FITC and either anti-CD235a-IgG1-PE (clone JC159; Dako, Glostrup, Denmark) or anti-CD66e-IgG1-PE (clone CLB-gran/10, IH4Fc; Sanquin, Amsterdam, Netherlands) showed that neither erythrocyte nor granulocyte-derived MPs expressed TF.
Immunohistochemistry. Formalin-fixed 4 mm sections were deparaffinised with xylene and rehydrated through graded ethanol and demineralised water. Antigens were retrieved by boiling in 10 mM citrate buffer, pH 6.0 in a pressure cooker. Non-specific binding was blocked using Antibody Diluent S2022 (Dako). Consecutive tissue sections were incubated with the following primary monoclonal mouse anti-human antibodies diluted in Antibody Diluent S2022 (Dako): anti-TF (No. 4509, American Diagnostica), anti-Epithelial Membrane Antigen (MUC1) (clone E29), anti-CD68 (clone KP1) and anti-CD31 (Clone JC70A) from Dako. After blocking endogenous peroxidases, staining was visualised using a peroxidase-labelled polymer conjugated to goat anti-mouse immunoglobulins and 3,3 0 -diaminobenzidine (K4007, Mouse EnVision þ kit, Dako). Sections were decolourised, counterstained with haematoxylin (1 : 1 dilution with demineralised water; Merck, Darmstadt, Germany), decolourised again, dehydrated and finally permanently mounted.
Mouse IgG1 (BD Biosciences) and omission of the primary antibody served as specificity controls. Normal pancreatic islet cells, tonsils and ductal breast cancer cells served as positive control for TF, CD68 and MUC1 staining, respectively. No separate control was prepared for CD31 staining.
Tumour grading and scoring of antigen expression. TF, MUC1, CD31 and CD68 antigen expression was assessed at Â 100 magnification. The intensity of TF staining on tumour cells was qualitatively scored as weak, intermediate or strong. All tissue sections were reviewed independently by two investigators blinded for clinical data. Discrepancies were resolved by consensus. To prevent observer bias, tumour grade was determined by one pathologist not involved in the study. The presence of TF þ CD68 þ macrophages and vascular TF expression was established by examining serial sections at Â 200 magnification. Numbers of macrophages expressing TF were semi-quantitatively scored as
Statistical analysis. All data were recorded and analysed using SPSS software (version 20.0; SPSS, Inc., Chicago, IL, USA). Survival time was defined as the interval from enrolment to death and compared between groups using the log-rank test. The Mann-Whitney U-test was applied for univariate analysis and the differences between independent categories were determined with the Kruskal-Wallis test (reported as H(df), P-value). Correlations were assessed using the Spearman's rho (r s ) test. Finally, the association between TF expression on tumour cells and differentiation grade was investigated using the w 2 -test. P-values o0.05 were considered significant.
RESULTS
Patient cohort. Characteristics of the study population of 79 patients are shown in ) than in patients with MP-TF activities within the normal range (2.9 vs 8.5 months, log-rank: P ¼ 0.002) and was related to tumour stage ( Figure 1A) . Similarly, patients with elevated CA19-9 had a shorter median survival than patients with normal CA19-9 (5.0 vs 9.9 months, log-rank: P ¼ 0.004) ( Figure 1B 
Thromboembolic events and refractory fulminant thrombosis.
Within the set interval of 16 days before and after blood sampling (i.e., inclusion), 11 patients were diagnosed with VTE. Three other patients already had thrombosis 41-61 days before inclusion (plasma MP-TF activity 200, 937 and 2662 fM Xa min À 1 ) and six patients developed thrombosis during follow-up (median 155; range 35-328 days). The 11 patients with VTE at inclusion had a higher median plasma MP-TF activity than the 59 patients who never developed VTE (1925 fM Xa min À 1 (IQR 99-12 120) vs 113 fM Xa min À 1 (IQR 33-211); Po0.001). Median MP-TF activity did not differ significantly between the 59 patients without thrombosis and the 6 patients who developed VTE during followup (301 fM Xa min À 1 (IQR 37-470); P ¼ 0.185). Flowcytometric analysis in a representative subset of patients indicated that median numbers of AnnV þ TF þ MPs were higher in patients with VTE (345 Â 10 6 l À 1 (IQR 229-585); n ¼ 6) than in patients without VTE (0 Â 10 6 l À 1 (IQR 0-27); n ¼ 42; Po0.001). Similar results were found for numbers of AnnV þ MUC1 þ MPs in patients with VTE (194 Â 10 6 l À 1 (IQR 27-392); n ¼ 9) and without VTE (0 Â 10 6 l À 1 (IQR 0-221); n ¼ 46; P ¼ 0.046).
Categorisation of patients according to the magnitude of thrombosis at inclusion (i.e., no thrombosis, small thrombosis, DVT and/or PE, massive VTE) demonstrated an increase in plasma MP-TF activity with increasing extent of thrombosis ( Figure 2A) ). Median plasma CA19-9 was higher in patients with VTE than in patients without VTE and increased with the extent of thrombosis ( Figure 2B) . Similarly, serial measurements in one metastatic patient with a plasma MP-TF activity of 151 fM Xa min À 1 demonstrated an increase to 2567 fM Xa min À 1 at the time DVT was diagnosed, whereas CA19-9 levels increased from 20 to 37 751 kU l À 1 . The highest MP-TF activities (12 118-40 188 fM Xa min À 1 ) were detected in three metastatic cancer patients with striking fulminant venous thrombosis and even cerebral arterial thromboembolic events in two of the three cases. One patient, who presented with intraocular lesions, was diagnosed with extensive DVT reaching from the popliteal into the common femoral vein. Despite low-molecular-weight heparin (LMWH) treatment, surgical closure of a patent foramen ovale and insertion of a caval vein filter, he persistently suffered multiple bilateral ischaemic cerebral vascular attacks and died 22 days later. This patient had the highest MP-TF activity (40 188 fM Xa min À 1 ; CA19-9 of 40 730 kU l À 1 ; no enumeration of MPs).
Another patient presented with a popliteal vein thrombosis for which vitamin K antagonists and low-dose LMWH were started. Nevertheless, the thrombosis progressed into the iliac vein within 2 weeks, resulting in phlegmasia cerulia dolens and venous gangrene. He died within 44 days. Both MP-TF activity and CA19-9 were very high (13 887 Overall survival (months), median (IQR) 21.5 (11.9-41.6) 6.9 (5.2-9.6) 2.1 (1.1-4.7)
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The third patient presented with massive thrombosis ranging from the popliteal to iliac vein, bilateral PEs and a cerebral infarction despite anticoagulant treatment with a vitamin K antagonist and INR46. The VTE-related symptoms improved after switching to LMWH, but he succumbed 25 days later. This patient had the highest CA19-9 levels of 197 000 kU l À 1 and the highest numbers of circulating AnnV þ MUC1 þ MPs (1700 Â 10 6 l À 1 ). Plasma MP-TF activity was 12 118 fM Xa min À 1 and the number of AnnV þ TF þ MPs was 252 Â 10 6 l À 1 .
Expression of TF in pancreatic adenocarcinoma and circulating microparticles. In all 44 tumour specimens, adenocarcinoma cells expressed TF and MUC1 (representative specimens shown in Figure 3A -C). The intensity of tumour-TF expression (low: n ¼ 21, intermediate: n ¼ 18, strong: n ¼ 5) increased with histological tumour grade (w 2 ¼ 32.62, df ¼ 4, Po0.0001). No significant correlation between tumour-TF expression and tumour stage was found. Nevertheless, local disease patients with intermediate/strong tumour-TF expression (n ¼ 16) had a shorter overall survival than patients with low tumour-TF expression (n ¼ 12) (median 12.7 vs 25.8 months, log-rank: P ¼ 0.008). The difference in survival was not significant for patients with (locally) advanced disease. During follow-up, 6 of 44 patients developed DVT or PE, two of which were within the immediate post-surgery period of 6 weeks. The unprovoked VTE rate was similar in patients with intermediate/high tumour-TF expression (2 of 21; 10%) and patients with low tumour-TF expression (2 of 23; 9%).
Endothelial cells stained positive for CD31 ( Figure 3D ), but were predominantly TF-negative. CD68 þ macrophages were unevenly distributed throughout the stroma and adipose tissue. In 16 of 43 tumours (one biopsy specimen too small for reliable assessment of macrophages), TF þ macrophages were detected. In eight of these, moderate to large clusters of TF þ macrophages were found in the tumour environment ( Figure 3E-F) . All TF þ macrophages showed very strong TF expression compared with tumour cells.
In the 37 patients in whom tumour tissue was collected in a pre-specified time frame of À 70 to 30 days following blood sampling, we found no correlation between the intensity of TF expression in adenocarcinoma cells and plasma MP-TF activity. Subgroup analysis of 19 patients also showed no correlation between the intensity of TF expression in adenocarcinoma cells and numbers of circulating AnnV þ TF þ MPs. In contrast, in patients with large clusters of TF þ macrophages infiltrating the tumour-surrounding stroma, median plasma MP-TF activity was higher (743 fM Xa min À 1 (IQR 267-5468); n ¼ 6) than in patients with sporadic infiltration of TF þ macrophages (57 fM Xa min À 1 (IQR 33-123); n ¼ 7) or without TF þ macrophages (44 fM Xa min À 1 (IQR 24-124); n ¼ 24; Po0.001).
DISCUSSION
This prospective cohort study in 79 patients reflects the natural disease course in PAC as it was conducted in the era before introduction of the FOLFIRINOX chemotherapeutic regimen (Conroy et al, 2011) . Survival rates were similar as those reported in the literature (Bilimoria et al, 2007) . We confirmed that high plasma MP-TF activity correlates with short survival (Tesselaar et al, 2007; Thaler et al, 2012 Thaler et al, , 2013 Bharthuar et al, 2013) , but additionally demonstrated that this is mostly related to its association with tumour stage. PAC cells expressed MUC1 and TF. In accordance with the published data, tumour-TF expression increased with histological grade (Kakkar et al, 1995; Nitori et al, 2005; Khorana et al, 2007) . We confirmed in a homogeneous group of local disease patients (n ¼ 28) that high tumour-TF expression corresponds with poor survival (Nitori et al, 2005) .
Patients with cancer-related thrombosis had higher MP-TF activities than patients without thrombosis, which is in agreement with previous observations (Tesselaar et al, 2007; Bharthuar et al, 2013) . Although all cancer-related VTE patients had metastatic disease, we demonstrated that the magnitude of VTE increased significantly with plasma MP-TF activity, indicating that the release of TF þ MPs is not merely an epiphenomenon, but may contribute to the development of thrombosis. . Magnitude of VTE and (A) plasma MP-TF activity (n ¼ 76) and (B) plasma CA19-9 levels (n ¼ 70). Differences between groups were analysed with the Kruskal-Wallis test (H(df), P-value). Three patients had been diagnosed with VTE before inclusion and were excluded from this analysis. All patients with VTE had metastatic disease, except for one patient (*) with local disease who developed PE following surgery.
The intensity of TF expression by adenocarcinoma cells did not correlate with plasma MP-TF activity. In some patients with AnnV þ TF þ MPs, no AnnV þ MUC1 þ MPs were detected. These findings are consistent with a study of three pancreatic cancer patients, which showed that 50% of TF þ MPs were MUC1-negative (Zwicker et al, 2009 ) and may be related to an additional source of TF þ MPs other than tumour cells. Interestingly, tissue specimens of patients with high plasma MP-TF activity demonstrated large clusters of very strongly stained TF þ macrophages invading the vast tumour-surrounding stroma. Thus, in addition to PAC cells, macrophages may also form a significant source of procoagulant MP-TF activity. We hypothesise that the pro-inflammatory state in advanced stage pancreatic cancer induces the activation of monocytes and macrophages expressing large amounts of TF and that both TF þ tumour cells and activated TF þ macrophages in the tumour environment are the source of TF þ MPs in the circulation. Alternative pathways may contribute to the thrombotic phenomena, early dissemination and strikingly poor prognosis of pancreas adenocarcinoma patients. Adenocarcinomas and in particular PAC express aberrantly glycosylated structures on their cell surface and shed large quantities of mucins into the circulation. These glycan structures may mediate crosstalk between the tumour and its microenvironment. Their presence seems to correlate with cancer progression and may affect tumour cell migration and dissemination (Tei et al, 2002) . In the absence of a method to quantify mucins in blood, CA19-9 may serve as a surrogate marker as it binds to apomucins, including MUC1, MUC5AC and MUC16 (Yue et al, 2011) . In our study cohort, plasma CA19-9 levels correlated with stage, short survival and -albeit to a lesser extent than MP-TF activity -with the severity of VTE.
Experimental studies in mice provided evidence that intravenous injection of carcinoma mucins carrying selectin ligands resulted in the formation of platelet-rich microthrombi, whereas thrombosis was markedly diminished in P-selectin or L-selectindeficient mice (Wahrenbrock et al, 2003) .
Three patients with fulminant massive thromboembolisms despite anticoagulant therapy had extremely high MP-TF activity and CA19-9 levels. Devastating warfarin-refractory arterial and venous thromboembolisms have been described previously and heparins may be more effective (Bell et al, 1985; Walsh-McMonagle and Green, 1997) . In contrast to vitamin K antagonists, which decrease thrombin production, heparin additionally blocks binding of mucins to selectins thus hampering platelet aggregation. In our study, the patient with the highest levels of AnnV þ MUC1 þ MPs and extremely high CA19-9 (which may reflect levels of circulating mucins) developed overwhelming progressive thrombosis while receiving vitamin K antagonist treatment. Strikingly, this patient improved clinically with heparin treatment in accordance with the hypothesis that circulating tumour-derived mucins also have a role in cancer-related thrombosis.
In conclusion, our current findings support the notion that circulating procoagulant TF þ MPs are mechanistically related to the severe coagulopathy observed in PAC patients. Until now, studies focussed on the role of TF in pancreatic cancer-associated VTE, but TF may not be the only player. Circulating MUC1 attached to MPs and other soluble mucins may also initiate and aggravate clotting. We hypothesise that PAC cells, as well as stromal macrophages, release procoagulant TF þ MPs. These TF þ MPs may, in a concerted action with soluble-or MP-bound mucins, potentiate coagulopathy and the aggressive behaviour of PAC. Improved insight into these mechanisms are relevant to develop optimal treatment strategies targeting TF/FVII on tumour cells and macrophages, as well as blocking circulating CA19-9 and mucins released by tumour cells.
